This paper presents results from the national Austrian project "Highly efficient combinations of solar thermal and heat pump systems (SolPumpEff)". In this project different combinations of solar energy and heat pump systems are considered through dynamic system simulations in TRNSYS [1]. In such systems solar thermal energy can be used on one hand directly to charge the buffer storage and on the other hand as heat source for the evaporator of the heat pump (HP). In this work systems, in which solar heat is only used directly (parallel operation of solar and HP) and systems using the collectors also as a heat source for the HP are analysed and compared to conventional air HP systems. With a combined parallel solar thermal HP system the system performance compared to a conventional HP system can be significantly increased. Unglazed selectively coated collectors as source for the HP have the advantage, that the collector can be used as an air heat exchanger. If solar radiation is available and the collector is used as source for the HP, higher temperatures at the evaporator of the HP can be achieved than with a conventional air HP system.
Introduction
In Austria and also in other European countries several companies have developed solar air HP systems. In most of these systems solar energy is not only used to charge a buffer storage (parallel system) but also as heat source for the evaporator of a HP. In some configurations unglazed collectors are used as a heat source [14] . In the IEA SHC Task44 (www.iea-shc.org/task44) the performance and relevance of combined systems using solar thermal and heat pumps are evaluated, a common definition of the performance of such systems and contributions to a successful market penetration of this new promising combination of renewable technologies is provided [6] . In the Task more than 100 systems from participating countries were surveyed during 2010 and 2011. The results of the survey showed that 70 % of systems were found to be parallel solutions, 7 % serial systems, 21 % complex systems and very few regenerative solutions. The number of air and ground source systems were about in the same range and some systems were operated only with solar collectors as source for the evaporator and many in several modes of operation [6] .
Solar thermal and heat pump systems
In this paper different heating systems are analysed and compared through dynamic system simulations in TRNSYS. On the one hand a conventional air HP system with and without solar thermal system with covered selectively coated collectors (parallel system) is considered in the project, and on the other hand serial solar air HP systems with covered and uncovered selectively coated collectors have been defined and evaluated. Additionally a system with ice storage has been considered. Figure 1 shows the hydraulic layout of System A, which is an air HP system without any solar thermal system. The HP provides heat to the buffer storage but also directly to the heating system of the building. The buffer storage is divided into a domestic hot water (DHW) and a space heating (SH) volume. As backup an electrical heater is placed in the buffer storage (space heat volume), which provides heat at times when the performance of the HP is not sufficient to cover the heating demand. In this system without solar collectors the buffer storage has a volume of 0.3 m³. The domestic hot water (DHW) heating takes place through an external heat exchanger. 
System A

System B
The difference between System A and System B is that in System B a solar system is in-stalled in a parallel way. For the solar system covered selectively coated collectors are used. The buffer storage volume is increased to 1 m³. In Figure 2 the integration of the solar thermal system is shown. The solar loop is divided into a brine (solar side) and a water loop (buffer storage), whereby the heat transfer between them takes place via a plate heat exchanger ( Figure 2 ). Solar energy is only used to charge the buffer storage. As a second energy source an air HP system is installed.
System C
As shown in figure 3 System C is a serial solar HP system. As heat source for the HP only unglazed selectively coated collectors are used. When the HP is operated, the unglazed collectors are used as heat source for the HP. Solar energy can either be used to charge the buffer storage or as heat source for the HP, a simultaneous operation is not possible. 
System D
System D is similar to System C with the difference of an additional ice storage ( Figure 4 ), which is used as source for the evaporator of the HP. As in System C unglazed selectively coated collectors are used. The buffer storage (hot water storage) is charged with priority. If the HP is operated and the solar thermal system supplies energy to the ice storage at the same time, then energy for the evaporator of the HP comes directly from the solar thermal system. The advantage is that in this case higher source temperatures can be achieved at the evaporator of the HP. Figure 5 shows a solar air HP system where the solar energy is used to load the buffer storage on the one hand, and to preheat the air temperature at the outdoor unit of the air HP on the other hand. For the solar collectors glazed selectively coated collectors are used. If the HP has to provide heat and the collector temperature level is higher than the temperature of the ambient air, solar heat is used to preheat the ambient air temperature before it enters the evaporator of the HP. For this purpose a brine/air heat exchanger, which is connected to the solar loop, is installed in front of the evaporator.
System E
System F
Also in System F solar heat is used to achieve higher evaporation temperatures ( Figure 6 ). The difference to System E is, that the heat exchanger is directly integrated into the refrigerant cylce of the HP after the air source evaporator (in refrigerant flow direction). Solar heat supply is activated when the collector temperature is higher than the ambient air temperature. Glazed selectively coated collectors are used. 
Boundary conditions
Building
For the system simulations the boundary conditions of the IEA SHC Task44 are used [2] [3] . In Task44 three different buildings (single family house, heated floor area 140 m²) have been defined. For the climate Graz (average climate data from 2001-2010) * [4] the buildings have a specific heat demand of 15, 45 and 100 kWh/m²a. For SFH15 and SFH45 a floor heating system, and for SFH100 a radiator heating system is assumed. The flow temperature is controlled depending on the ambient air temperature (for SFH15 and SFH45 35/30 °C at the design ambient temperature, radiator exponent 1.1; for SFH100, 55/45 °C, radiator exponent 1.3).
The heat load of the building for the location Graz has been calculated for the design ambient temperature of -12 °C. For the calculation the solar gains have not been considered, but the internal loads of the building, the present persons and the electronic equipment. With the heat preparation system the heat demand of the building and the domestic hot water (DHW) demand shall be covered. For the dimensioning of the HP the heat load of the building increased by 0.5 kW was used, which is to be covered by the HP at the operation point A2W35. Table 1 shows the heat loads of the three buildings used. 
Domestic Hot Water
The domestic hot water demand is used as defined in Task44. The DHW heating is done via a plate heat exchanger which is charged from the buffer storage in all systems. The hot water temperature was set at 45 °C. From the annual DHW heat demand a mean daily heat demand of 5.85 kWh/d has been calculated. 
Simulation Models
The dynamic system simulations have been performed using the software TRNSYS [1]. The most important component models (types) which were used in these simulations are listed in Table 2 . 
Performance figures
For the evaluation of the system performance different indicators were defined. These indicators are the seasonal performance factor of the system (SPF System ), the seasonal performance factor of the HP (SPF HP ) and the solar fraction (SF).
The SPF of the entire System with penalties is defined as:
The definition of the SPF of the HP is:
The solar fraction as: 
Results
The different systems have been evaluated using different performance indicators. Simulation results for SFH45 are shown in Table 3 . The comparison of System A and B shows that by integration of a solar thermal system (14 m²) the SPF System for SFH45 can be increased from 2.55 to 3.65. The total electricity consumption of the system is reduced by about 30 %. The SPF HP is reduced, as the solar collectors are providing heat at times, when the HP would otherwise be operated with a high efficiency. However, SPF System is the more important figure from an overall system point of view.
System comparison
The simulation results for system E show that by preheating the ambient air the total electricity consumption of the system can be reduced by 1-2 % compared to system B with the used boundary conditions. The increased performance can be primarily explained due to the higher system performance of the HP (higher air temperatures at the evaporator), but the efficiency improvement potential is rather small. This is due to the fact that the use of solar heat at the evaporator of the HP is only beneficial, when the radiation on the collector field is low. At times when the radiation exceeds a certain limit, usually a direct charging of the buffer store by the collectors is favourable [5] . The low overall benefit by this kind of operation can be explained by the low amount of solar heat, which is occurring below this limit. Figure 7 shows exemplary results for four different heating systems (A, B, C and D) with different configurations for SFH45. With a conventional air HP system a SPF System of 2.55 can be achieved. With a conventional parallel solar and air HP system, with a selectively coated collector area of 14 m² (covered collectors) a SPF System of 3.65 can be reached. Additionally the SPF System for combined solar and HP systems with unglazed collectors for different collector areas and ice storage volumes is shown. With an unglazed collector area of 30 m² and no ice storage a SPF System of 3.53 can be achieved. To achieve the same SPF System as with the parallel HP system with glazed collectors, it would be necessary to increase the collector area from 14 m² up to about 30 m². About 900 kWh are provided to the evaporator with a brine inlet temperature higher than the ambient air temperature. This happens, when solar radiation is available, which lifts the brine temperature in the collector to a level higher than the ambient. With System D (figure 8 right) 4800 kWh are supplied by the unglazed collector and the ice storage of the solar system. The phase change (liquid/solid) in the ice storage can clearly be seen in the course of the evaporator inlet temperature. A comparison of the left and the right side of figure 8 shows, that the integration of an ice storage causes an increase of the evaporator inlet temperature, which results in a higher ice storage volume efficiency of the HP (SPF HP ). The system efficiency (SPF System ) increases only slightly with the chosen boundary conditions. This is due to a lower amount of solar energy supplied to the buffer storage.
Evaporator inlet temperature compared to the ambient air temperature
Monthly simulation results
In figure 9, 10 and 11 monthly heat balances for the SFH45 for System A -F are shown. On the input side (left bars in the figure) the energy flows which deliver energy into the system and on the output side (right bars in the figure) which consume energy are shown. Additionally average monthly performance figures are shown (SPF System , SPF HP and solar fraction). In figure 9 in the left figure the simulation results for the air HP system for the SFH45 are shown. On the Input side of the energy flow the air source for the HP, the electricity consumption of the compressor of the HP and the electricity consumption of the electrical heater are shown. On the consumption side (right bars) the energy for the DHW and SH demand and also the heat losses of the storage, pipes and HP are shown. The average monthly SPF HP decreases in the summer month, because the HP is only in DHW mode. In the DHW mode the temperature difference between heat source and sink is greater than in SH mode and therefore in DHW mode the HP is less efficient than in SH mode.
On the right sight in figure 9 simulation results for the solar air HP system with 14 m² glazed selective coated collectors (parallel) for the SFH45 are shown. The comparison of the left and the right figure shows, that through the integration of the solar thermal system the system performance can be significantly increased. From May to September the total heat demand can be covered through the solar thermal system.
In figure 10 the simulation results for the SFH45 for System C and D are shown. In both figures on the Input side the solar energy which is directly used to load the buffer storage is shown in yellow, the solar energy which is used as heat source for the HP (or the ice storage) is shown in orange. In system C and D the unglazed collectors are used as heat source for the HP. In system D there is an additionally ice storage available. From May to September the solar energy in System C is only used to load the buffer storage, because the heat demand can be covered through the solar thermal system and there is no operating time of the HP. In system D the solar energy is used to load the buffer storage but also to load the ice storage. In the summer month there is also no operation time for the HP, the solar energy which is delivered in the ice storage is used to cover the heat losses of the ice storage. In figure 11 for two air HP systems the monthly simulation results for the SFH45 for different integrations of the solar energy is shown. In the left figure (System E) the ambient air is preheated though an external heat exchanger. The difference in system F is that, that the solar circle is integrated in the refrigerant loop. On the input side of the monthly simulation results yellow is imaged the solar energy which is directly used to load the buffer storage. The solar energy which is used to increase the evaporator temperature is shown in orange. The solar energy which is used to preheat the ambient air under the chosen control strategies is very low ( Fig. 11 left and right figure orange  bars) . As a result there is no big advantage to a conventional parallel solarair -HP system. 
Summary
In the national Austrian project "Highly efficient combinations of solar thermal and heat pump systems (SolPumpEff)" different combinations of solar energy and heat pump (HP) systems are considered through dynamic system simulations in TRNSYS. In such systems solar thermal energy can be used on the one hand directly to charge a buffer storage and on the other hand as heat source for the evaporator of the HP. In this work systems, in which solar heat is only used directly (parallel operation of solar and HP) and systems using the collectors also as a heat source for the HP are analyzed and compared to conventional air HP systems. For the solar thermal system glazed and unglazed selectively coated collectors have been considered. Unglazed selectively coated collectors as source for the HP have the advantage, that the collector can be used as an air heat exchanger.
With a combined parallel solar thermal HP system the SPF System compared to a conventional HP system can be increased significantly. Unglazed selectively coated collectors as source of the HP have the advantage, that the collector can be used as air heat exchanger. If solar radiation is available and the collector is used as source of the HP, higher evaporation temperatures of the HP can be achieved than with a conventional air HP system. With such collectors a collector area of 15 m² must be available to achieve the same SPF System than a conventional air HP system with the used boundary conditions and assumptions. Furthermore the results show, that with an additional ice storage the SPF System can be increased. The benefit compared to a system without ice storage is rather low.
